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■-»«. ■ Abstract 

We present new nucleosynthesis yields as functions of the stellar mass, metallic- 
ity, and explosion energy (corresponding to normal supernovae and Hypernovae). 
We apply the results to the chemical evolution of the solar neighborhood. Our new 
yields are based on the new developments in the observational/theoretical studies 
of supernovae (SNe) and extremely metal-poor (EMP) stars in the halo, which have 
^ ■ provided excellent opportunities to test the explosion models and their nucleosyn- 

thesis. We use the light curve and spectra fitting of individual SN to estimate the 
mass of the progenitor, explosion energy, and produced 56 Ni mass. Comparison with 
the abundance patterns of EMP stars has made it possible to determine the model 
parameters of core-collapse SNe, such as mixing-fallback parameters. 

More specifically, we take into account the two distinct new classes of massive 
SNe: 1) very energetic Hypernovae, whose kinetic energy (KE) is more than 10 
times the KE of normal core-collapse SNe, and 2) very faint and low energy SNe 
(Faint SNe). These two new classes of SNe are likely to be "black-hole- forming" 
SNe with rotating or non-rotating black holes. Nucleosynthesis in Hypernovae is 
characterized by larger abundance ratios (Zn,Co,V,Ti)/Fe and smaller (Mn,Cr)/Fe 
than normal SNe, which can explain the observed trends of these ratios in EMP 
stars. Nucleosynthesis in Faint SNe is characterized by a large amount of fall-back, 
which explains the abundance pattern of the most Fe-poor stars. These comparisons 
suggest that black-hole-forming SNe made important contributions to the early 
Galactic (and cosmic) chemical evolution. 
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1 Introduction 



Massive stars in the range of 8 to ~ 13OM undergo core-collapse at the end 
of their evolution and become Type II and Ib/c supernovae (SNe) unless the 
entire star collapses into a black hole with no mass ejection (e.g.. lil: W\ Eih. 
Here, supernovae are classified based on the maximum light spectra as follows 
(e.g., [il). Type II supernovae (SNe II) are defined by the presence of hydrogen, 
which implies that the progenitors are red (or blue) supergiants keeping their 
hydrogen-rich envelope. Type lb supernovae (SNe lb) are characterized by 
the lack of hydrogen but the presence of prominent He lines, so that their 
progenitors are Wolf-Rayet (WN) or He stars losing their H-rich envelope in a 
stellar wind or by Roche lobe overflow in binary systems. Type Ic supernovae 
(SNe Ic) do not show prominent He lines as well as H, which implies that their 
progenitors have lost even most of He layers to become WC/WO Wolf-Rayet 
stars or C+O stars in binary systems (e.g., [78). (In contrast, Type la SNe are 
the thermonuclear explosions of mass accreting white dwarfs in binary systems 
and spectroscopically characterized by the lack of H and He and the presence 
of strong Si lines (e.g., [7^).) 

These supernovae release large explosion energies and eject explosive nucle- 
osynthesis materials, thus having strong dynamical, thermal, and chemical 
influences on the evolution of interstellar, intergalactic, and intracluster mat- 
ter (e.g., B) as well as galaxies and galaxy clusters. Therefore, the explosion 
energies of core-collapse supernovae are fundamentally important quantities, 
and an estimate of E ~ 1 x 10 51 ergs has often been used in calculating 
nucleosynthesis and the impact on the interstellar medium. (In the present 
paper, we use the explosion energy E for the final kinetic energy of explosion, 
and E51 = EyiO 51 erg.) A good example is SN1987A in the Large Magellanic 
Cloud, whose energy is estimated to be E 5 i = 1.0 — 1.5 from its early light 
curve (e.g., H; FF7I ) . 

One of the most interesting recent developments in the study of supernovae is 
the discovery of some very energetic supernovae, whose kinetic energy (KE) 
exceeds 10 52 erg, more than 10 times the KE of normal core-collapse SNe. 
The most luminous and powerful of these objects, the Type Ic supernova 
(SN Ic) 1998bw, was linked to the gamma-ray burst GRB 980425 (Q, thus 
establishing for the first time a connection between ga mma-ray burs ts (GRBs) 
and the well-studied phenomenon of core-collapse SNe ( 1181 : 8y; 119i ). However, 
SN 1998bw was exceptional for a SN Ic: it was as luminous at peak as a SN la, 
indicating that it synthesized ~ 0.5M Q of 56 Ni, and its KE was estimated at 
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E 51 ~ 30 (0). 



In the present paper, we use the term 'Hypernova (HN)' to describe such a 
hyper-energetic supernova with E > 10 52 ergs without specifying the explosion 
mechanism (80). Following SN 1998bw, other "hypernovae" of Type Ic have 
been discovered or recognized 

Nucleosynthesis features in such hyper-energetic (and hyper-aspherical) su- 
pernovae must show some important differences from normal supernova explo- 
sions. This might be related to the unpredicted abundancepatterns observed 
in the extremely metal-poor (EMP) halo stars (e.g., 0; 0). This approach 
leads to identifying the First Stars in the Universe, i.e., metal-free, Popula- 
tion III (Pop III) stars which were born in a primordial hydrogen-helium gas 
clou d. This is one of the important challenges of the current astronomy (e.g., 



More generally, the enrichment by a single SN can dominate the preexisting 
metal contents in the early universe Therefore, the com- 

parison between the SN model and the abundance patterns of EMP stars can 
provide a new way to find out the individual SN nucleosynthesis. 

In §2, we briefly describe how the progenitor mass M and explosion energy 
E are estimated from the observations of supernovae/hypernovae. In §3, the 
characteristics of nucleosynthesis in hypernovae are investigated with detailed 
nucleosynthesis calculations and compared with nucleosynthesis in normal su- 
pernovae. In §4, we then discuss possible contribution of hypernovae to the 
Galactic chemical evolution and on the abundances in metal-poor stars. 



2 Hypernovae and Faint Supernovae 



The connection between long GRBs and core-collapse SNe has been cle arly 
established from GRB 980425/SN 1998bw 0), GRB 030329/SN 2003dh (0 
0), and GRB 031203/SN 20031w @). As summarized in Figure 1, these 
GRB-SNe have similar properties; they are all hypernovae with E$i ~ 30 - 50 
and synthesize 0.3 - 0.5 M© of 56 Ni E3; ET 



Hypernovae are also characterized by asp hericity from the observations of 
polarization and emission line features (e.g., 114 ; 47 : 58f ). The explosion energy 
of the aspherical models for hypernovae tends to be smaller than the spherical 
models by a factor of 2 - 3, but still being as high as E 5 i > 10 (ET 



Recently X-Ray Flash (XRF) 060218 has been found to be connected to SN 
Ic 2006aj (Hill). Compared with the above GRB-SNe, SN 2006aj is a less 
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energetic (E51 ~ 2) SN from a smaller mass prog enitor, ~ 2OM , thus being 



suggested to be a "neutron star-making SN" (67). 



Other non-GRB "hypernovae" have been recognized, such as SN 1997ef ([44 : 



64) and SN 2002ap (65). These hypernovae span a wide range of properties, 
although they all appear to be highly energetic compared to normal core- 
collapse SNe. The mass estimates, obtained from fitting the optical light curves 
and spectra, place hypernovae at the high-mass end of SN progenitors. 

In co ntra st, S Ne II 1997D and 1999br were very faint SNe with very low KE 
f)l07t liit Il22j ). In the diagram that shows E and the mass of 56 Ni ejected 
M( 56 Ni) as a function of the main-sequence mass M ms of the progenitor star 
(Figure 1), therefore, we propose that SNe from stars with M ms > 20 — 25M Q 
have different E and M( 56 Ni), with a bright, energetic "hypernova branch" 
at one extreme and a faint, low-energy SN branch at the other Q. For the 
faint SNe, the explosion energy was so small that most 56 Ni fell back onto the 
compact remnant (e.g., 98). Thus the faint SN branch may become a "failed" 
SN branch at la rger M ms . Between the two branches, there may be a variety 
of SNe QEoJ- 

This trend might be interpreted as follows. Stars more massive than ~ 25 
M Q form a black hole at the end of their evolution. Stars with non-rotating 
black holes are likely to collapse "quietly" ejecting a small amount of heavy 
elements (Faint supernovae). In contrast, stars with rotating black holes are 
likely to give rise to Hypernovae. The hypernova progenitors might form the 
rapidly rotating cores by spiraling-in of a companion star in a binary system. 



3 Nucleosynthesis in Hypernovae 



Here we summarize nucleosynthesis yields of core-collapse SN models for 13 
- 40 M & stars for various exp l osion energies and progenitor metallicity. Com- 
pared with earlier works ( 120t 102l : Til : 93t 16l 56f ). we focus on (1) Hypernova 
models to compare with the GRB-SNe and other observations, and (2) Pop 
III SN models in order to compare with observed abundance patterns of EMP 
stars. 



For HNe, we adopt the (M ms - 
and models of SNe (Fig. 1), i.e., 



E) relation as estimated from observations 
for M ms = 20, 25, 30, 40, 5OM , E 51 = 10, 10, 



20, 3 0, 40, respectively. For normal SNe II of 13 - 50 M , Z? 51 = 1 is assumed 



(104). 



The new ingredients taken into account in the present nucleosynthesis models 
are: (i) the variation of E (hypernovae, normal SNe, and faint SNe), (ii) the 
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Fig. 1. The explosion energy and the ejected 56 Ni mass as a function of the main 
sequence mass of the progenitors for several supernovae/hypernovae. 

mixing and fallback, and (iii) neutrino processes that affects neutron excess 
near the mass cut. 



3.1 Energy Dependence 

In core-collapse supernovae/hypernovae, stellar material undergoes shock heat- 
ing and subsequent explosive nucleosynthesis. Iron-peak elements are produced 
in two distinct regions, which are characterized by the peak temperature, T peak , 
of the shocked material. For T peak > 5 x 10 9 K, material undergoes complete 
Si burning whose products include Co, Zn, V, and some Cr after radioactive 
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Fig. 2. Abundance distribution against the enclosed mass M r aft er th e explosion of 
Pop III 25 M & stars with E 51 = 1 (top) and E 51 = 10 (bottom) jiogh . 

decays. For 4 x 10 9 K < T pea k < 5 x 10 9 K, incomplete Si burning takes place 
and its after decay products include Cr and Mn (e.g.. F3b 

The right panel of Figure 2 shows the composition in the ejecta of a 25 M 
hypernova model (E51 = 10). The nucleosynthesis in a normal 25 M & SN 
mode l (E51 = 1) is also shown for comparison in the left panel of Figure 2 

We note the followin g cha racteristics of nucleosynthesis with very large explo- 
sion energies 

(i) Both complete and incomplete Si-burning regions shift outward in mass 
compared with normal supernovae, so that the mass ratio between the com- 
plete and incomplete Si-burning regions becomes larger. As a result, higher 
energy explosions tend to produce larger [(Zn, Co, V) /Fe] and smaller [(Mn , 
Cr)/Fe], which can explain the trend observed in very metal-poor stars ()112l ). 
(Here [A/B] = log 10 (A^A/A^B) — log 10 (A"A/A"B)o, where the subscript © refers 
to the solar value and A^a and A^b are the abundances of elements A and B, 
respectively.) 

(ii) In the complete Si-burning region of hypernovae, elements produced by 
a-rich freezeout are enhanced. Hence, elements synthesized through capturing 
of a-particles, such as 44 Ti, 48 Cr, and 64 Ge (decaying into 44 Ca, 48 Ti, and 64 Zn, 
respectively) are more abundant. 

(iii) Oxygen burning takes place in more extended regions for the larger KE. 
Then more O, C, Al are burned to produce a larger amount of burning products 
such as Si, S, and Ar. Therefore, hypernova nucleosynthesis is characterized by 
large ab unda nce ratios of [Si,S/0], which can explain the abundance feature 

of M82 frmh . 
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Fig. 3. The illustration of the mixing-fallback model. The central black region is the 
initial mass cut, that is, inside the inner boundary of the mixing region, M cut (ini). 
The mixing region is enclosed with the dotted line at M m j x (out). A fraction / of 
the materials in the mixing region is ejected into the interstellar space. The rest 
materials, locating in the gray region inside of M cut (fm), undergo fallback onto 
the central remnant, (a) 1-dimensional picture: The materials mixed up to a given 
radius, and a part of the materials are ejected, (b) 2-dimensional picture: While 
all materials in the outer region above M m i x (out) are ejected, the materials in the 
mixing region may be ejected only along the jet-axis. In the jet-like explosion, the 
ejection factor / depends on the jet-parameters (e.g., an opening angle and an 
energy injection rate). 



3.2 Mixing- Fallback Model 



The mixing-fallback models are illustrated in Figures 3ab. First, the inner ma- 
terials at M cut (ini) < M r < M mix (out) are assumed to be mixed by Rayleigh- 
Taylor instabilities and/or aspherical explosions during the shock wave prop- 
agations in the star (e.g., liih . In fact, the post-shock materials are con- 
vectively unstable because of deceleration. Later, some fraction of materials 
in th e mix in g region undergoes fallback onto the central remnant by gravity 
(e.g., Il2f]l : liih . and the rests at M r > M cut (fin) are ejected into interstellar 
space (Fig. 8). The yields are made from the materials which exist above the 
mixing region and which do not fall back. The degree of fallback depends on 
the explosion energy, the gravitational potential, and asphericity. 

Fallback can take place not only for relatively low energy explosions but also 
for very energetic jet-like explosions. In fact, Maeda et al. (|591 ) have simulated 
jet-like explosions and showed that their yields can be similar to the mixing- 
fallback model because the materials around the jet axis are ejected and the 
materials around the equatorial plane fallback onto the central remnant. The 
jet-like explosion is consistent with a recently observed association between 
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HNe and GRBs with highly collimated relativistic jets. The mixing-fallback 
model mimics such aspherical explosions, although the spherical model tends 
to require larger explosion energies than the jet model to obtain similar yields 

a. 



3.3 Neutron- Proton Ratio near Mass Cut 



Recent studies (e.g.BEHyfilll) 

have suggested that Y e may be sig- 
nificantly varied by the neutrino process during explosion. The region, where 
the neutrino absorption and the Y e variation occur, is Rayleigh- Taylor unsta- 
ble, thus having a large uncertainty in Y e distribution. 

In most of present models, following Y e profile is adopted: Y e = 0.5001 in 
the co mplet e Si burning region and Y e = 0.4997 in the incomplete Si burning 
region (|112l ). Lower Y e in the incomplete Si-burning region leads to larger 
Mn/Fe, and larger Y e in the complete Si-burning region leads to even larger 
Co/Fe. 



4 Comparison with the Abundance Patterns of Metal-Poor Stars 



Cayrel et al. (|15T ) provided abundance patterns of 35 metal-poor stars with 
small error bars for —4.2 < [Fe/H] < —2.0. Among the observed abundances, 
CNO elements might be affected by the deep mixing in the evolved metal-poor 
stars themselves, which itself is very interesting. On the other hand, the abun- 
dance patterns of heavier elements, e.g., Fe-peak elements, must reflects the 
abundances of interstellar gases out of which the stars were formed, thus pro- 
viding us with the earliest chemical enrichment in the galaxy. These patterns 
have provided excellent materials to compare with the SN/HN nucleosynthesis 
yields. 



4.1 Very Metal-Poor (VMP) Stars 



VMP stars defined as [Fe/H] < -2.5 (Jg) are likely to have the abundance 
pattern of well-mixed ejecta of many SNe. We thus compare the abundance 
patters of VMP stars with the SN yields integrated over the progenitors of 10 
- 50 M (Fig. 5). 

Since the abundance patterns of supernova m odel s wit h [Fe/H] < —2.5 are 
quite similar to those of Pop III star models (|l08l : Il20l ). we use the Pop III 
yields for VMP and EMP stars. Comparison between the integrated yields 
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-4.2 < [Fe/H] < -3.5 (Cayrel et al. 2004) 




Fig. 4. Averaged elemental abundances of stars with [Fe/H] = —3.7 iflih compared 
with the normal SN yield (upper: 15 M , E51 = 1) and the hypernova yield (lower: 
20 Mq, E 51 = 10). 

over the Salpeter's IMF and the abundance pattern of VMP stars (Fig. 5) 
show that many elements are in reasonable agreements. 

Figure 5 shows that N is underproduced in these models. There are two pos- 
sible explanations for this discrepancy: 

(i) N was underproduced in the Pop III SN as in these models, but was en- 
hanced as observed during the first dredge-up in the low-mass red-giant EMP 
stars (e.g., 117; lOOl ). Actually, most EMP stars are red-giants. 



(ii) N was enhanced in massive progenitor stars before the SN explosion. N is 
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Fig. 5. Comparison between the abundance pattern of VMP stars iflih (filled circles 
with error bars) and the IMF integrated yield of Pop III SNe from IOMq to 50 Mq 

mainly synthesized by t he mixing between the He convective shell and the H- 
rich envelope (e.g., 108l 45h . Mixing can be enhanced by rotation (j53| 34: 61). 
Suppose that the Pop III SN progenitors were rotating faster than more mas- 
sive stars because of smaller mass loss, then [N/Fe] was enhanced as observed 
in EMP stars. 



4.2 Extremely Metal-Poor (EMP) Stars 



In the early galactic epoch when the galaxy was not yet chemically well-mixed, 
each EMP star may be formed mainly from the ejecta of a single Pop III SN 
(a lthou gh some of them might be the second or later generation SNe) (e.g., 
B llOSj ). The formation of EMP stars was driven by a supernova shock, so that 
[Fe/H] was determined by the ejected Fe mass and the amount of circumstellar 



hydrogen swept-up by the shock wave (|94j). Then, hypernovae with larger E are 



likely to induce the formation of stars with smaller [Fe/H], because the mass 
of interstellar hydrogen swept up by a hypernova is roughly proportional to E 
(0; 196^ and the ratio of the ejected iron mass to E is smaller for hypernovae 
than for normal supernovae. 

The theoretical yields are compared with the averaged abundance pattern of 
four EMP stars, CS 22189-009, CD-38:245, CS 22172-002 and CS 22885-096, 
which have low metallicity (—4.2 < [Fe/H] < —3.5) and normal [C/Fe] ~ 

JU- 



KI 



Figure 4 shows that the averaged abundances of EMP stars can be fitted well 
with the hypernova model of 20 M and E51 = 10 ( l ower ) but not with the 
normal SN model of 15 M & and E§\ = 1 (upper) (Jiil : Il04l ). 

In the normal SN model (upper), the mass-cut is determined to eject Fe of mass 
0.14 M ). Then the yields are in reasonable agreements with the observations 
for [(Na, Mg, Si)/Fe], but give too small [(Mn, Co, Ni, Zn)/Fe] and too large 
[(Ca, Cr)/Fej. 

In the HN model (lower), these ratios are in much better agreement with 
observations. The ratios of Co/Fe and Zn/Fe are larger in higher energy ex- 
plosions since both Co and Zn are synthesized in complete Si burning at high 
temperature region (see the next subsection). To account for the observations, 
materials synthesized in a deeper complete Si-burning region should be ejected, 
but the amount o f Fe should be small. This is realized in the mixing-fallback 
models jlOflHTll . 



1.5 





-3 -2 
[Fe/H] 



-1.5 



-3 -2 
[Fe/H] 



Fig . 6. Observed abundance ratios of [Zn, Co, Cr, Mn/Fe] vs [Fe/H] [open circle: 
open square: (|23)] compared with individual Pop III SN models (filled circle) 
and IMF-integrated models (filled square). 
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4-3 Hypernovae and Fe-peak Elements (Cr, Mn, Fe, Zn, Co, Zn) 



In the observed abundances of halo stars, there are significant differences be- 
tween the abundance patterns in the iron-peak elements below and above 
[Fe/H] 2.5 - -3. 



(i) For [Fe/H]< —2.5, the mean values of [Cr/Fe] and [Mn/Fe] decrease to- 
ward smaller metallicity, while [Co/Fe] increases (joa: lii!) . [The negligibly weak 
trend in [Mn/Fe] in (|15T ) is different from previous observations that [Mn/Fe] 
decreases significantly for smaller [Fe/H] (68).] 

(ii) [Zn/Fe]~ for [Fe/H] ~ -3 to 00), while at [Fe/H] < -3.3, [Zn/Fe] 
increases toward smaller metallicity (|l5l). 

The larger [(Zn, Co)/Fe] and smaller [(Mn, Cr)/Fe] in the supernova ejecta 
can be realized if the mass ratio between the complete Si burning region and 
the incomplete Si burning region is larger, or equivalently if deep material 
from the complete Si-burning region is ejected by mixing or aspherical effects. 
This can be realized if (i) the mass cut between the ejecta and the compact 
remnant is located at smaller M r (Flj ). (ii) E is larg er to move the outer edge 



of the complete Si burning region to larger M r (|74l). or (iii) asphericity in the 
explosion is larger. 

Among these possibilities, a large explosion energy E enhances a-rich freeze- 
out, which results in the increase of th e local mass fractions of Zn and Co, 
while Cr and Mn are not enhanced (|l09t ). Models with E%\ = 1 do not produce 
sufficiently large [Zn/Fe]. To be compatible with the observations of [Zn/Fe] 
~ 0.5, the explosion energy must be much larger, i.e., E§i > 20 for M > 20M Q , 
i.e., hypernova-like explosions of massive stars (M > 25M ) with E 5 i > 10 
are responsible for the production of Zn. 

Figure 2 exhibits that the high-energy models tend to be located at lower 
[Fe/H] in the SN- induced star formation scenario. Here we use the HN models 
with E 51 = 10, 10, 20, 30, 40 for M ms = 20, 25, 30, 40, 5OM , respectively. 
In this scenario, EMP stars are enriched by a single supernova (|7j) which 
ejects Fe of mass M(Fe) and the hydrogen mass swept by supernova ejecta is 
proportional to the explosion energy. Then this model gives: 

[Fe/H] = log 10 (M(Fe)/£ 51 ) - const. (1) 



[Ni/Fe] and [Zn/Fe] in our models are in good agreements with the observa- 
tions, although [Ni/Fe] is slightly smaller than the observation. Ni/Fe is larger 
if M cut (ini) is smaller (i.e., the mass cut is deeper) because 58 Ni, a main isotope 
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of Ni, is mainly synthesized in a deep region with Y e < 0.5. However, a smaller 
M cut (ini) tends to suppress Zn/Fe thus requiring more energetic explosions. 



The good agreement of [Zn/Fe] strongly support the SN-induced star forma- 
tion model and suggest that EMP stars with lower [Fe/H] might be made 
from the ejecta of HNe with larger explosion energies and larger progenitor's 
masses. See, however, (J22I). 



If VMP stars with [Fe/H] ~ —2.5 is made from normal SNe with E 5 i = 1, 
Zn is underproduced in our models. ID nucleosynthesis studies with neutrino 



transport (25; 26; 90) suggested that Zn in the normal SN model is enhanced to 
[Zn/Fe] ~ as well as the enhancement of [Sc/Fe]. However, the enhancement 
is not large enough to explain the high [Zn/Fe] (> 0.5) in the EMP stars. 

Figure 2 shows that [Cr/Fe] in our models is larger than |l5h. although the 
trend in our models is similar to the observations. Since Cr is mostly produced 
in the incomplete Si-burning region, the relative size of the region should be 
smaller than the present model in order to produce smaller Cr/Fe. 



[Mn/Fe] and [Co/Fe] in our models are smaller than the observations, although 
the trend of [Co/Fe] in our models is sim ilar to the observations. Mn c an b e 
efficiently enhanced by lowering Y e (|ll2f ) and by a neutrino process (|l20[ ). 
Therefore the Mn/Fe ratio is important to constrain the physical processes 
during the explosion. 



4-4 Carbon-Rich Extremely Metal-Poor Stars 



Star s with large [C/Fe] (~ 1), called C-rich EMP stars, are discussed in fllll 



Ill2l ). The origin of those stars may be different from those of [C/Fe] ~ stars. 
The large [C/Fe] (> 0.5) can be understood as the faint SN origin, because 
the faint SNe are cha racterized by a large amount of Fe fallback that leads to 
large [(C, N, 0)/Fe] Ill2l ). Figure 7 shows the comparison between the 
abundance pattern of C-rich EMP stars (CS 29498-043: (2)) and the 25 M 
faint SN model |Tol . 



Most C-rich EMP stars show O/Mg being significantly larger than the solar 
ratio. Faint SNe enhance [O/Fe] more effectively than [Mg/Fe], because Mg is 
synthesized in the inner region and thus fallen-back onto the central remnant 
more preferentially than O. (Note that the abundance determination of O is 
subject to the uncertain hydrodynamical (3D) effects (JzEl).) 



13 




Fig. 7. Comparison between the abundance pattern of the C-rich EMP star 
(CS 29498-043: filled cir cles w ith error bars (0)) and the theoretical yields of the 25 
M faint SN (solid line flfl)). 

5 Hyper Metal-Poor (HMP) Stars 



5. 1 HE01 07-524 & HE1 327-2326 



Recently two hyper metal-poor (HMP) stars, HE0107-5240 (J17|) and HE1327- 
2326 (|23l). were discovered, whose metallicity Fe/H is smaller than 1/100,000 
of the Sun (i.e., [Fe/H] < —5), being more than a factor of 10 smaller than 
previously known extremely metal-poor (EMP) stars. These discoveries have 
raised an important question as to wh ether the observed low mass (~ 0.8 M & ) 
HMP stars are actually Pop III stars fjllTt 100), or whether these HMP stars 
are the second generation stars being formed from gas es wh ich were chemically 
enriched by a single first generation supernova (SN) (jllll loTh . This is related 
to the questions of how the initial mass function depends on the metallicity 
(e.g., 95). Thus identifying the origin of these HMP stars is indispensable 
to the understanding of the earliest star formation and chemical enrichment 
history of the Universe. 

The elemental abundance patterns of these HMP stars provide a key to the 
answer to the above questions. The abundance patterns of HE1327-2326 (j23[ 
HHJ and HE0107-5240 (0 Q El) are quite unusual (Fig. 8). The striking 



similarity of [Fe/H] (=-5.4 and -5.2 for HE1327-2326 and HE0107-5240, 
respectively) and [C/Fe] (~ +4) suggests that similar chemical enrichment 
mechanisms operated in forming these HMP stars. However, the N/C and 
(Na, Mg, Al)/Fe ratios are more than a factor of 10 larger in HE1327-2326. In 
order for the theoretical models to be viable, these similarities and differences 
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Fig. 8. (upper-left): The post-explosion abundance distributions for the 25 M Q 
model with the explosion energy E§\ ~ 0.7 (0). (uppe r-rig ht): Propagation of 
the shock wave and fallback for the HE1327-2326 model (J45J). (lower): Elemental 
abundances of the C-rich HMP stars HE0107-5240 (filled triangles: El; E3> and 
HE1327-2326 (filled circles: 0; 0) compared with theoretical supernova yields. 



should be explained self-consistently. 



Iwamoto et al. (45) showed that the above similarities and variations of the 
HMP stars can be well reproduced in unified manner by nucleosynthesis in the 



core-collapse "faint" supernovae (SNe) which undergo mixing-and-fallback (|llll ) 
We thus argue that the HMP stars are the second generation low mass stars, 
whose formation was induced by the first generation (Pop III) SN with efficient 
cooling of carbon-enriched gases. 
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5.2 Models for Hyper Metal-Poor Stars 



We consider a model that C-rich EMP stars are produced in the ejecta of 
(almost) metal-free supernova mixed with extremely metal-poor interstellar 
matter. The similarity of [Fe/H] and [C/Fe] suggests that the progenitor's 
masses of Pop III SNe were similar for these HMP stars. We therefore c hoose 



the Pop III 25 M Q models and calculate their evolution and explosion ( 111 



The abundance distribution after explosive nucleosynthesis is shown in Fig- 
ure 8 (upper- left) for the kinetic energy E of the ejecta E$i = E/10 51 erg = 
0.74. The abundance distribution for E 5 i = 0.71 is similar. In the "faint" SN 
model, most part of materials that underwent expl osive nucleosynthesis are 
decelerated by the influence of the gravitational pull (|l20f ) and will eventually 
fall back onto the central compact object. The explosion energies of E$i = 0.74 
and 0.71 lead to the mass cut M cut = 5.8M and 6.3M , respectively (Fig.8: 
upper-right), and the former and the latter models are used to explain the 
abundance patterns of HE1327-2326 and HE0107-5240, respectively. 

During the explosion, the SN ejecta is assumed to undergo mixing, i.e., materi- 
als are first uniformly mixed in the mixing- region extending from M r = 1.9M Q 
to the mass cut at M r = M cut (where M r is the mass coordinate and stands 
for the mass interior to the radius r) as indicated in Figure 8 (left), and only 
a tiny fraction, /, of the mixed material is ejected from the mixing-region to- 
gether with all materials at M r > M cut ; most materials interior to the mass cut 
fall back onto the central compact object. Such a mixing-fallback mechanism 
(which might mimic a jet-like explosion) is required to extract Fe -peak an d 
other heavy elements from the deep fallback region into the ejecta ( 111 : 112| ). 



Figure 8 (lower) shows the calculated abundance ratios in the SN ejecta models 
for suitable choice of / which are respectively compared with the observed 
abundances of the two HMP stars. To reproduce [C/Fe] ~ +4 and other 
abundance ratios of HMP stars in Figure 8 (lower), the ejected mass of Fe 
is only 1.0 xlO" 5 M for HE1327-2326 and 1.4 xlO" 5 M for HE0107-5240. 
These SNe are much fainter in the radioactive tail than the typical SNe and 
form massive black holes of ~ 6M . 

The question is what causes the large difference in the amount of Na-Mg- 
Al between the SNe that produced HE0107-5240 and HE1327-2326. Because 
very little Na-Mg-Al is ejected from the mixed fallback materials (i.e., / ~ 
10~ 4 ) compared with the materials exterior to the final mass cut M cut (fin), 
the ejected amount of Na-Mg-Al is very sensitive to the location of the mass 
cut. As indicated in Figure 8, M cut (fin) is smaller (i.e., the fallback mass is 
smaller) in the model for HE1327-2326 (M cut (fin) = 5.8M ) than HE0107- 
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5240 (M cut (fin) = 6.3M ), so that a larger amount of Na-Mg-Al is ejected 
from the SN for HE1327-2326. Since M cut (fin) is sensitively determined by 
the explosion energy, the (Na-Mg-Al)/Fe ratios among the HMP stars are 
predicted to show significant variations and can be used to constrain E 5 i. 
Note also that the explosion energies of these SN models with fallback are not 
necessarily very small (i.e., E51 ~ 0.7). Further these ex plosi on energies are 
consistent with those observed in the actual "faint" SNe fjlOTT l . 

The next question is why HE1327-2326 has a much larger N/C ratio than 
HE0107-5240. In our models, a significant amount of N is produced by the 
mixing between the He convective shell and the H-rich envelope during the 
presupernova evolution (|l08| ). where C created by the triple-a reaction is burnt 
into N through the CN cycle. For the HE1327-2326 model, we assume about 
30 times larger diffusion coefficients (i.e., faster mixing) for the H and He 
convective shells to overcome an inhibiting effect of the mean molecular weight 
gradient (and also entropy gradient) between H and He layers. Thus, larger 
amounts of protons are carried into the He convective shell. Then [C/N] ~ 
is realized as observed in HE1327-2326. Such an enhancement of mixing 
efficiency has been suggested to take place in the present-day massive stars 
known as fast rotators, which show various N and He enrichments due to 



different rotation velocities (|34| [7 



Recent works have taken into account the NLTE effects and 3D effects, and 
obtained [O/Fe] (QEl). The resultant abundance patters are shown in Figure 
8 (lower) and the newly obtained [O/Fe] in HE1327-2326 is consistent with 
our theoretical models. 



6 Nucleosynthesis in Aspherical Supernovae 



If supernova explosions are not spherically symmetric, resultant nucleosynthe- 
sis is somewhat different from spherical explosions. Here we discuss nucleosyn- 
thesis in bipolar (jet-like) explosions (|71 



In the jet-like explosion model, the shock wave is stronger along the z-axis 
and heats up the stellar material to higher temperatures. Along the r-axis, 
temperatures are lower because of the weaker shock and densities are higher 
because of mass accretion. Therefore, the materials along the z-axis occupy 
the high entropy region in the p — T plane, while those in the r-axis form the 
lowest bound of entropy. As a result, 56 Ni is synthesized preferentially along 
the z-axis, while a lot of unburned materials, mainly O, are left at low velocity 
in the r-plane. 

Because the bipolar models preferentially eject the materials experiencing 
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Fig. 9. Ejected masses of 44 Ti (left) and 64 Ge (right) as a function of M( 56 Ni) for 
some bipolar models (40A, B, and C: filled squares) and for spherical models (40SH, 
SL: lines) . The dotted lines show the ratio ( 44 Ca, 64 Zn)/ 56 Fe relative to the solar 
value (0). 

higher temperatures (higher entropies) in complete silicon burning, the ra- 
tios 44 Ti/ 56 Ni and 64 Ge/ 56 Ni are significantly larger in the bipolar models 
than spherical models. Such an enhancement of the a-rich freezeout products 
is seen in Figure 9. For a given mass of 56 Ni, the aspherical models (denoted 
as 40A, B, C) eject larger amount of 44 Ti and 64 Zn. Such enhance men t could 
be important to solve problems related to the production of 44 Ti (101). 

As a result, the aspherical models produce the overall abundance patterns 
being different from spherical models (Fig. 10). [(Zn, Co)/Fe] are enhanced, 
while [(Mn, Cr) /Fe| are suppressed. These trends are similar to ones observed 
in EMP stars (j68[ ). thus suggesting important roles of hypernovae in the early 
Galactic chemical evolution. 



7 The First Stars 

It is of vital importance to identify the first generation stars in the Universe, 
i.e., totally metal-free, Pop III stars. The impact of the formation of Pop III 
stars on the evolution of the Universe depends on their typical masses. 

1.1 High Mass vs. Low Mass 

Recent numerical models have shown that, the first stars are as massive as > 
100 M Q (|l|; Eih (VMS: very massive stars). The formation of long-lived low 
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Fig. 10. Isotopic yields of spherical (left) and aspherical (right) explosions tea), in 
both cases, the progenitor is the 16Mq He core of the 40Mq star, and the explosion 
energy is E 51 = E/10 51 erg = 10. The mass of 56 Ni is O.3M (spherical) and O.24M 
(aspherical), and these values give [O/Fe] ~ 0.5 being consistent with observed in 
extremely metal poor stars. 



Table 1 

Stabilities of Pop III and Pop I massive stars: Q and x indicate that the star is 
stable and unstable, respectively. The e-folding time for the fundamental mode is 
shown after x in units of 10 4 yr (|8lh. 
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mass Pop III stars may be inefficient because of slow cooling of metal free gas 
cloud, which is consistent with the failure of attempts to find Pop III stars. 



If the HMP stars are Pop III low mass stars that has gained its metal from 
a companion star or interstellar matter (121 ), would it mean that the above 
theoretical arguments are incorrect and that such low mass Pop III stars have 
not been discovered only because of the difficulty in the observations? 



Based on the results in the earlier section, we propose that the first generation 
supernovae were the explosion of ~ 20-130 M® stars and some of them pro- 
duced C-rich, Fe-poor ejecta. Then the low mass star with even [Fe/H] < —5 
can form from the gases of mixture of such a supernova ejecta and the (almost) 
metal-free interstellar matter, because the gases can be efficiently cooled by 
enhanced C and O ([C/H] ~ -1). 
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7.2 Pair Instability SNe vs. Core Collapse SNe 



In contrast to the core-collapse supernovae of 20-130 M & stars, the observed 
abundance patterns cannot be explained by the explosions of more massive, 
130 - 300 M Q stars. These stars un dergo p air-instability supernovae (PISNe) 



and are disrupted completely (e.g.. Il09t I35I ). which cannot be consistent with 



the large C/Fe observed in HMP stars and other C-rich EMP stars. The abun- 
dance ratios of iron-pea k ele ments ([Zn/Fe] < —0.8 and [Co/Fe] < —0.2) in 
the PISN ejecta (Fig. 4; fll09t I35IV ), cannot explain the large Zn/Fe and Co/Fe 
in the typical EMP stars (013 M) and CS22949-037 either. Therefore the 
supernova progenitors that are responsible for the formation of EMP stars are 
most like ly in the range of M ~ 20 — 130 M , but not more massive than 130 
M Q (also ll06l ). This upper limit mass of the Zero Age Main Sequence (ZAMS) 
star depends on the stability of massive stars. 



To determine the above upper limit mass, non-adiabatic stabilities of massive 
(8OM - 300M(^) Po p H I stars have been analyzed using a radial pulsation 
code following (jiol Iil:l8lh . Because CNO elements are absent during the early 
stage of their evolution, the CNO cycle does not operate and the star contracts 
until temperature rises sufficiently high for the 3a reaction to produce 12 C. 
These stars were found to have Acno ~ 1-6 — 4.0 x 10~ 10 , and the central 
temperature T c ~ 1.4 x 10 8 K on their ZAMS. 



As summarized in Table 1 (|81l). the critical mass of ZAMS Pop III star is 
128M Q while that of Pop I star is 94M . This difference comes from very 
compact structures (with high T c ) of Pop III stars. Stars more massive than 
the critical mass will undergo pulsation and mass loss. We note that the e- 
folding time of instability is much longer for Pop III stars than Pop I stars 
with the same mass, and thus the mass loss rate is much lower. These results 
are consistent with (|4ot 0). The absence of the indication of PISNe in EMP 
stars might imply that these massive stars above 13OM undergo significant 
mass loss, thus evolving into Fe core-collapse rather than PISNe. 



Alternativ e po ssibility is that the First Stars were even more massive than 
~ 3OOM JnHiilHlil). Such massive stars undergo core-collapse (CVMS: 
core-collapse VMS) to form Intermediate mass black holes. If such stars formed 
rapidly rotating black holes, jet-like mass ejection could produce interesting 
nucleosynthesis materials to compare with the elemental abundances observed 
in the ICM, IGM, and M82 @). 



20 



10 20 30 40 

Progenitor Mass [M ] 



-3 -2 -1 

log Z/Z E 



Fig. 11. (left:) Relative abundance ratios as a function of progenitor mass with 
Z = 0. The solid and dashed lines show normal SNe II with E*>\ = 1 an d HNe. 
(right:) The IMF weighted abundance ratios as a function of metallicity of progen- 
itors, where the HN fraction £hn = 0.5 is adopted. Results for Z = are plotted at 
logZ/Z = -4. 

8 Galactic Chemical Evolution 



8. 1 Nucleosynthesis and Metallicity 



We have c alcul ated the chemical yields for various metallicities, including Hy- 



pernovae ([1041 ) as described earlier. For this set of yields calculations, we 
assum e Y e = 0.4997 in incomplete Si-burning region, but use the original Y e 
(jll2h (rather than Y e = 0.5001) in the complete Si-burning region. 

Table 2 gives the resultant nucleosynthesis yields in units of solar mass for 
SNe II and HNe as functions of the progenitor mass (M = 13, 15, 18, 20, 25, 
30, 40 M Q ) and metallicity (Z = 0, 0.001, 0.004, 0.02). Table 3 gives the IMF 
weighted yields as a function of metallicity normalized by the total amount of 
gases forming stars as follows: 

X(A) = C^ Q X M (A)M e} (M)M-^dM 
S^MxM^dM 



where X(A) is an integrated mass fraction of an element, A, X^(A) is mass 
fraction of A in a model whose mass is nearest to M, and M ej -(M) is an ejected 
mass interpolated between the nearest models or the nearest model and the 
edge of the IMF integrated mass range. Here we assume M < 10M Q and 
5OM stars do not produce materials as Type II SNe or HNe, i.e., M e j(M < 
1OM ) = M ej (5OM ) = 0. 
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For HNe, we set E 51 = 10, 10, 20, and 30 for 20, 25, 30, and 4OM , respectively. 
Although Fe production is larger for more massive stars because of the higher 
energy, [cc/Fe] is almost constant independent of the stellar mass because we 
assume the mass-cut to get [O/Fe] = 0.5. In this set, the abundance ratios 
of iron-peak elements (Cr, Mn, Co, and Ni) are almost constant because the 
mixing-fallback parameters are chosen to give the largest [Zn/Fe]. 

Figure 11 shows the abundance ratios of Pop III (Z = 0) SNe II and HNe as a 
function of the progenitor mass (left) and the IMF weighted yields of SNe II 
and HNe as a function of metallicity (right). The solid and dashed lines show 
the SN II and HN yields, respectively. 

The yield masses of a elements (O, Ne, Mg, Si, S, Ar, Ca, and Ti) are larger 
for more massive stars because of the larger mantle mass. Since the Fe mass 
is ~ 0.1M Q , being independent of the progenitor's mass for E 5 i = 1, the 
abundance ratio [ct/Fe] is larger for more massive stars. 

In the metal-free stellar evolution, because of the lack of initial CNO elements, 
the CNO cycle dose not operate until the star contracts to a much higher 
central temperature (~ 10 8 K) than population II stars, where the 3a reaction 
produces a tiny fraction of 12 C (~ 10~ 10 in mass fraction). 

However, the late core evolution and the resulting Fe core masses of metal-free 
stars are not significantly different from metal-rich stars. Therefore, [a/Fe] is 
larger by only a factor of ~ 0.2 dex and the abundance ratios of the iron-peak 
elements are not so different from metal-rich stars, except for Mn. 

On the other hand, the CNO cycle produces only a small amount of 14 N, which 
is transformed into 22 Ne during He-burning. The surplus of neutrons in 22 Ne 
increases the abundances of odd-Z elements (Na, Al, P, ...). As a result, the 
abundances of odd-Z elements depend on the metallicity. [Na/Fe] and [Al/Fe] 
of metal-free stars are smaller by ~ 1.0 and 0.7 dex than solar abundance 
stars, which are consistent with the observed trends. 

8.2 Chemical Evolution of the Solar Neighborhood 

In the chemical evolution model, we should introduce one important parameter 
to describe the fraction of hypernovae, 6hn- Although the mass-energy relation 
has been obtained from the light curve modeling for individual supernovae, 
there is no clear constraint on the energy distribution function because of the 
poor statistics. €hn may depend on metallicity, and may be constrained with 
the GRB rate. Here we adopt €hn = 0.5 independent of the mass and metal- 
licity to find that this provides a good agreement of [a/Fe] plateau against 
[Fe/H] with observations. We should note that the plateau value depends on 
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Fig. 12. [X/Fe]-[Fe/H] relations for the model with our yields (solid line) compared 
with observational data(0; El; H E3; EH; 0; E3 Q- 



the IMF, specifically on the slope x and the upper limit M u . 



We use the chemical evolution model that allows the infall of material from 
outside the disk region (jfjjj ). We adopt the Galactic age 13 Gyr, infall timescale 
5 Gyr, star formation coefficient 0.45 Gyr -1 , and the Salpeter IMF with a slope 
of x = 1.35 in the range of O.O7M < M < 5OM . The treatment of SNe la 
is the same as in (j^j) but with [6 RG = 0.02, 6 MS = 0.04]. The metallicity 
inhibition of SNe la at [Fe/H] < —1.1 is included (j49l). These parameter can 
be determined uniquely from the metallicity distribution function and the 
[0/Fe]-[Fe/H] evolutionary trend at [Fe/H] > -1 

Figures 12 shows the evolutions of heavy element abundance ratios [X/Fe] 
against [Fe/H]. We note jHlllH3): 

Oxygen — In our model, [O/Fe] ~ 0.41 at [Fe/H] ~ —1 and slightly increases 
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to 0.55 at [Fe/H] ~ —3. The gradual increase in [O/Fe] with decreasing [Fe/H] 
is due to the increasing contributions of more massive, metal-poor SNe II and 
HNe. The metallicity dependence is as small as 0.2 dex between Z = Z & and 
Z = 0. The mass dependence is larger, but such dependence is weaken because 
HNe produce more Fe. From [Fe/H] ~ — 1, [O/Fe] decreases quickly due to Fe 
production by SNe la (e.g., 63). Further studies of the NLTE and 3D effects 
on the O-abundance determination are needed (e.g. 



Magnesium — Cayrel et al. (15) claimed that [(Mg, Si, Ca, Ti)/Fe] ~ 0.2-0.3 
being almost constant with a very small dispersion of ~ 0.1 dex. In our model, 

[Mg/Fe] ~ 0.48 at [Fe/H] 1 and slightly increases to 0.62 at [Fe/H] ~ -3, 

which is larger than [Mg/Fe] ~ 0.27 in (|15T). but in good agreement with the 
observed relation over the wide range of [Fe/H]. SNe II with E 5 i = 1 typically 
produce [Mg/Fe] ~ 0.5 with variation from -0.2 (Z = Z & ) to 1 (4OM ). 

Silicon and Sulfur — Observed Si abundance is represented by only two lines 
and affected by the contamination. [Si/Fe] is 0.52 — 0.60 for —3 < [Fe/H] < — 1 
in our model, which is slightly larger than 0.37 in (15) and other observations. 
For S, because of the hardness of observation, the plateau value is unknown, 
and our prediction is [S/Fe] = 0.37 — 0.45. Some observations suggest a sharp 



increase with decreasing [Fe/H] (|4lt). 



Calcium and Titanium — Our model succeeds in reproducing the observation 
with a plateau [Ca/Fe] ~ 0.31 — 0.39. However, Ti is by a factor of ~ 0.4 
dex underabundant overall, which cannot be improved by changing our pa- 
rameters. Possible solution to increase Ti is a jet-like explosion with high 
temperature as discussed in §6 (jiih. 



Sodium, Aluminum, and Copper — The NLTE effect for Na and Al is large 
for metal-poor stars, and the observational data at [Fe/H] < —2 are shifted 
by —0.2 and +0.5, respectively (p). The abundances of odd-Z elements show a 
strong metallicity dependence. In the one- zone chemical evolution model, how- 
ever, the decreasing trend of [(Na,Al,Cu)/Fe] toward lower [Fe/H] is seen more 
weakly because of the following mass dependence. Although the timescale 
when [Fe/H] reaches —4 corresponds to the lifetime of ~ 8M , the SFR is 
peaked at ~ 8 Gyr and stars are forming, and thus more massive stars con- 
tribute for lower metallicity. [Na/Fe] for 25-3OM , Z = 0.001 and [ Al /Fe] for 
4OM , Z = 0-0.001 are as large as ~ 0.5, which contribute at [Fe/H] < -2.5. 

Chromium, Manganese, Cobalt, and Nickel — As seen in Figure 6, the decreas- 
ing trend of [(Cr,Mn)/Fe] and the increasing trend of [Co/Fe] toward lower 
[Fe/H] ar e reproduced by invoking the energy dependence of nucleosynthesis 
f 112L 104 ) in the SN-induced star formation model. In the homogeneous one- 



zone model, the average yields do not show such trends. From [Fe/H] ~ — 1, 
SNe la contributes to increase [Mn/Fe] toward higher metallicity. This is con- 
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firmed both observationally and theoretically, and Mn can be a key element 
to discuss SNe la contribution, HN fraction, and IMF. 

Zinc — Zn is an important element observed in damped Lya (DLA) systems 
without the dust depletion effect. At —2 < [Fe/H] < —1, [Zn/Fe] is constant to 
be ~ 0.1, and mildly decreases to ~ from [Fe/H] ~ — 1 due to SNe la, which 
are consistent with observations. The increasing trend of [Zn/Fe] toward lower 
metallicity (jiit Hih cannot be explained by homogeneously mixed model, but 
needs to introduce inhomogeneous models, i.e., SN-induced star formation. 



9 Concluding Remarks 



We have calculated the nucleos ynthe sis yields for various stellar masses, explo- 



sion energies, and metallicities (J10J). From the light curve and spectra fitting 
of individual supernova, the relations between the mass of the progenitor, 
explosion energy, and produced 56 Ni mass (witch decayed to 56 Fe) have been 
obtained. Comparison with the abundance patterns of HMP/EMP/VMP stars 
has also provided excellent opportunities to test the explosion models and their 
nucleosynthesis. 

Nucleosynthesis yields of these SNe and HNe are in better agreement with the 
observations than before. In particular, the large Zn and Co abundances and 
the s mall Mn and Cr abundances observed in very metal-poor stars (Fig. 6) 
(©) can better be explained by introducing HNe. This would imply that HNe 
have made significant contributions to the early Galactic chemical evolution, 

In theoretical models, some element ratios, such as (K, Sc, Ti, V)/Fe, are 
too small, while some ratios such as Cr/Fe are too large compared with the 
observed abundance ratios ffl5h . Underproduction of Sc and K may require 
significantly higher entropy environment fo r nuc leosynthesis, e.g., the "low 
density" progenitor models for K, Sc, and Ti (|ll2j ). GRBs would have possible 
nucleosynthesis site, such as accretion disks around the black hole ([901) . 

We need to investigate the uncertainties in the reaction rates which would be 
important for synthesis of K and Cr (or 52 Fe that decays into 52 Cr). Rates of 
some weak processes would need to be refined in view of critical importance 
of Y e near the mass cut. In particular, neutrino processes in the deepest layers 
of SN ejecta near the mass cut, and accretion disk on to a black hole, would 
open a new window for SN nucleosynthesis (|9ol 25l ; 26t Ill3l ). 



This work has been supported in part by the Grant-in-Aid for Scientific Re- 
search (16540229, 17030005, 17033002, 18104003, 18540231) and the 21st Cen- 
tury COE Program (QUEST) from the JSPS and MEXT of Japan. 



25 



Table 2 



The yields of individual SN models, 
z = o 
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65E — 05 


40 r- 

Ca 


3.06E- 


■03 


4 


.69E- 


■03 


1 


.67E — 


(12 


2 


ooE- 


■02 


40p 
Ca 


4.99E- 


■03 


5.67E- 


03 


9 


-29E — 


■03 


1 


.42E — 02 


42 /i 
Ca 


1.09E— 


05 


9 


.19E- 


(Ifi 


4 


.44E — 


■05 


5 


.81E — 


■05 


42/i 
Ca 


3.53E- 


05 


1.34E — 


05 


1 


. 12E — 


■04 


1 


.24E — 04 


43 d 
Ca 


1.09E- 


(Ifi 


9 


.55E- 


(17 


1 


. 12E — 


(Ifi 


2 


. 18E — 


(Ifi 


43o 
Ca 


2.84E- 


06 


3.57E- 


06 


6 


. 10E — 


06 


7 


.56E — 06 


44 /-i 
Ca 


2.86E- 


05 


1 


.06E- 


(14 


1 


. 12E — 


(14 


2 


.26E — 


(14 


44 s~i 
Ca 


5.12E- 


05 


9.93E- 


■05 


1 


-28E — 


■04 


4 


13E — 04 


46 s-i 
u Ca 


2.35E- 


■07 


1 


.43E- 


07 


6 


.94E- 


07 


4 


.28E — 


■07 


46 
u Ca 


9.08E- 


07 


1.33E- 


06 


2 


39E- 


■06 


3 


71E— 06 


48 /-i 
°Ca 


1.07E— 


(Ifi 


6 


.03E- 


07 


9 


.78E- 


07 


1 


36E- 


(Ifi 


48 /~\ 
°Ca 


2.95E- 


■06 


2.77E- 


06 


1 


-23E- 


05 


2 


69E — 06 


45 n 
°Sc 


6.08E- 


07 


6 


.12E- 


(17 


1 


.52E- 


(Ifi 


1 


.79E- 


06 


45 c 
°Sc 


1.83E- 


(Ifi 


2.71E- 


06 


4 


-44E- 


06 


6 


81E — 06 


46 m- 

u Ti 


4.52E- 


(Ifi 


7 


.87E- 


(Ifi 


1 


.99E- 


05 


2 


55E- 


05 


u Ti 


1.66E- 


05 


7.32E- 


06 


4 


.57E- 


05 


5 


62E — 05 


47 Ti 


1.57E- 


(Ifi 


8 


.80E- 


06 


1 


.22E- 


■05 


1 


24E- 


05 


Ti 


5.70E- 


06 


8.09E- 


06 


1 


-28E- 


05 


3 


99E — 05 


48 Ti 


4.89E- 


■05 


1 


.59E- 


(14 


2 


.30E— 


■04 


4 


30E- 


(14 


48 Ti 


7.37E- 


■05 


1.66E- 


04 


2 


-27E- 


■04 


5 


93E — 04 


49 Ti 


1.49E- 


(Ifi 


4 


.46E- 


(Ifi 


6 


49E- 


■06 


1 


16E- 


(15 


Ti 


4.41E- 


(Ifi 


8.24E- 


06 


1 


17E- 


05 


1 


.84E — 05 


Ti 


8.29E- 


■07 


1 


96E- 


(Ifi 


2 


.54E- 


06 


4 


.85E- 


06 


50r-r>- 

Ti 


5.21E- 


06 


1.06E- 


05 


8 


54E- 


06 


3 


31E— 05 


50 y 


1.02E- 


08 


2 


.02E- 


08 


4 


.10E- 


08 


7 


.58E- 


08 


50-1 r 

V 


5.94E- 


08 


1.40E- 


07 


3 


68E- 


07 


3 


69E — 07 


51 y 


3.17E- 


■06 


2 


.26E- 


■05 


2 


18E- 


05 


2 


.74E- 


05 


51 v 


1.09E- 


05 


1.55E- 


05 


2 


.48E- 


05 


6 


58E — 05 


Cr 


1.49E- 


05 


2 


.05E- 


05 


5 


69E- 


05 


8 


03E- 


05 


50/i 
Cr 


7.07E- 


■05 


2.02E- 


05 


9 


.87E- 


05 


1 


21E — 04 


52/i 
Cr 


2.69E- 


(14 


8 


.48E- 


(14 


1 


71E- 


03 


3 


.28E- 


03 


Cr 


4.11E- 


04 


9.25E- 


04 


1 


45E- 


03 


2 


47E — 03 


53 r- 
Cr 


2.14E- 


05 


5 


36E- 


■05 


1 


06E- 


(14 


1 


99E- 


(14 


53/i 
J Cr 


5.54E- 


05 


7.52E- 


05 


1 


.34E- 


04 


1 


.44E — 04 


54/i 
Cr 


2.34E- 


(Ifi 


5 


.15E- 


06 


5 


76E- 


06 


9 


29E- 


06 


54/i 
u Cr 


1.48E- 


05 


2.42E- 


05 


3 


.72E- 


05 


4 


99E — 05 


55 Mn 


9.05E- 


05 


1 


67E- 


04 


3 


26E- 


04 


5 


.81E- 


(14 


55 Mn 


3.18E- 


(14 


3.53E- 


04 


5 


.85E- 


04 


4 


.94E — 04 


54-c 
u Fe 


8.16E- 


(14 


1 


.17E- 


03 


3 


00E- 


03 


4 


.97E- 


03 


54,1 
u Fe 


3.79E- 


03 


2.12E- 


03 


4 


03E- 


03 


5 


89E — 03 


56-n 
u Fc 


3.11E- 


02 


8 


32E- 


02 


1 


53E- 


01 


2 


.73E- 


01 


5fin 

JU Fe 


3.57E- 


02 


8.87E- 


02 


1 


04E- 


01 


2 


77E— 01 


57-n 
J Fe 


9.93E- 


(14 


1 


93E- 


03 


3 


31E- 


03 


6 


26E- 


03 


Fc 


1.22E- 


03 


2.83E- 


03 


4 


11E- 


03 


8 


90E — 03 


58-n 


5.48E- 


■05 


1 


62E- 


(14 


1 


.77E- 


(14 


2 


.84E- 


(14 


58n 


4.24E- 


04 


7.36E- 


04 


1 


.76E- 


03 


1 


36E — 03 


59 

oy Co 


4.90E- 


05 


3 


.67E- 


04 


3 


31E- 


(14 


4 


.47E- 


(14 


59/i 


2.43E- 


04 


4.22E- 


04 


6 


60E- 


04 


1 


.42E — 03 


5S Ni 


3.00E- 


(14 


9 


15E- 


04 


9 


.42E- 


(14 


1 


-51E- 


03 


58 ,,■ 


1.52E- 


03 


2.12E- 


03 


3 


.37E- 


03 


7 


14E — 03 


Ni 


1.01E- 


03 


2 


.97E- 


03 


4 


92E- 


03 


8 


.28E- 


03 


60, ,■ 
Ni 


1.20E- 


03 


3.14E- 


03 


3 


33E- 


03 


1 


12E — 02 


61 Ni 


1.50E- 


(14 


9 


23E- 


05 


2 


93E- 


(14 


3 


60E- 


(14 


61 Ni 


2.43E- 


■04 


2.97E- 


04 


9 


10E- 


04 


8 


55E-04 


62 Ni 


1.23E- 


(14 


1 


.72E- 


(14 


2 


.78E- 


(14 


6 


.21E- 


(14 


62 Ni 


3.69E- 


04 


8.87E- 


04 


8 


.34E- 


04 


2 


97E-03 


64 Ni 


1.66E- 


05 


8 


.07E- 


05 


1 


10E- 


(14 


2 


66E- 


(14 


64 Ni 


1.60E- 


04 


5.10E- 


04 


6 


.97E- 


05 


1 


95E-03 


63 Cu 


8.84E- 


(Ifi 


4 


23E- 


05 


4 


.77E- 


05 


9 


.13E- 


05 


63 Cu 


9.89E- 


■05 


2.32E- 


04 


6 


14E- 


05 


5 


85E-04 


65 Cu 


7.52E- 


06 


2 


.84E- 


05 


4 


86E- 


05 


1 


12E- 


(14 


65 Cu 


4.15E- 


05 


1.34E- 


04 


2 


02E- 


05 


5 


.70E-04 


64 Zn 


3.63E- 


05 


3 


19E- 


04 


3 


56E- 


(14 


5 


.84E- 


(14 


64 Zn 


5.27E- 


05 


1.35E- 


04 


8 


32E- 


05 


6 


38E-04 


66 Zn 


2.10E- 


05 


4 


.85E- 


05 


1 


.08E- 


04 


2 


13E- 


(14 


66 Zn 


7.13E- 


05 


2.35E- 


04 


7 


40E- 


05 


1 


.O2E-03 


67 Zn 


1.45E- 


06 


7 


12E- 


06 


1 


14E- 


05 


2 


,81E~ 


05 


67 Zn 


1.17E- 


■05 


4.38E- 


05 


3 


OIE- 


06 


2 


.31E-04 


68 Zn 


7.86E- 


06 


3 


.70E- 


05 


7 


55E- 


05 


1 


.84E- 


(14 


68 Zn 


5.33E- 


05 


2.75E- 


04 


1 


19E- 


05 


1 


.43E-03 


70 Zn 


2.39E- 


07 


1 


.97E- 


07 


1 


33E- 


06 


2 


.98E- 


06 


70 Zn 


2.45E- 


06 


8.48E- 


06 


5 


89E- 


07 


5 


.62E-05 


69 Ga 


1.36E- 


06 


5 


39E- 


06 


1 


49E- 


05 


3 


43E- 


05 


69 Ga 


6.82E- 


06 


2.69E- 


05 


1 


.27E- 


06 


1 


61E-04 


71 Ga 


1.10E- 


06 


3 


95E- 


■06 


9 


36E- 


■06 


2 


16E- 


05 


71 Ga 


4.95E- 


06 


2.39E- 


05 


2 


.26E- 


06 


1 


29E-04 
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Table 3 

The IMF weighted yields with x = 1.35, M e = O.O7M , M u = 50M C 

SN11+HN 

Z 0.001 0.004 0.02 



p 


a 


28E-02 


3 


14E- 


■02 


•2 


9fiE- 


02 


•1 


.45E- 


■02 


d 


5 


76E-18 


2 


.21E- 


■15 


1 


97E- 


Hi 


5 


34E- 


■16 


3 He 


2 


.51E-07 


5 


.24E- 


■07 


6 


.52E- 


■07 


7 


06E- 


■07 


4 He 


2 


30E-02 


2 


.26E- 


■02 


2 


.22E- 


■02 


2 


-05E- 


■02 


6 Li 


1 


.70B-20 


1 


.52E- 


■19 


6 


.49E- 


■19 


1 


.76E- 


• 18 


7 Li 


8 


67E-12 


6 


67E- 


■13 


3 


14E- 


IS 


5 


-85E- 


14 


9 Bo 


1 


25E-20 


7 


.74E- 


■19 


6 


.54E- 


■ 19 


7 


.26E- 


■19 


10 B 


1 


86E-17 


2 


■ 38E- 


■ 14 


1 


47E- 


13 


4 


.25E- 


■13 


11 B 


5 


00E-16 


1 


05E- 


■13 


1 


12E- 


11 


1 


■ 83E- 


■ 12 


12 C 


7 


51E-04 


4 


14E- 


■04 


5 


17E- 


04 


6 


■ 75E- 


■04 


13 C 


1 


75E-10 


4 


33E- 


■07 


2 


.80E- 


05 


3 


.06E- 


■05 


14 N 


3 


36E-06 


2 


.82E- 


■05 


8 


-77E- 


■05 


2 


■ 35E- 


-04 


15 N 


5 


17E-10 


1 


■ 35E. 


■08 


2 


41E- 


■05 


1 


.90E- 


■05 


16 Q 


8 


03E-03 


8 


05E- 


■03 


6 


■ 58E- 


03 


6 


14E- 


■03 


17 o 


3 


45E-09 


1 


.42E- 


■07 


8 


.36E- 


07 


3 


■ 60E- 


■06 


ISq 


5 


69E-09 


2 


.24E- 


■06 


2 


.70E- 


■05 


5 


29E- 


■05 


19p 


3 


49E-11 


6 


.76E- 


■09 


4 


.98E- 


•08 


1 


■ 08E- 


■07 


20 Nc 


1 


28E-03 


1 


38E- 


■03 


1 


■ 57E- 


•03 


1 


■ 68E- 


■03 


21 Ne 


1 


05E-07 


6 


66E- 


■07 


1 


62E- 


•06 


4 


.95E- 


■06 


22 Ne 


7 


53E-08 


3 


.39E- 


■06 


8 


01E- 


■06 


2 


■ 79E- 


■05 


23 Na 


4 


46E-06 


8 


.18E- 


■06 


2 


03E- 


•05 


5 


.41E- 


■05 


24 Na 


5 


69E-04 


6 


.69E- 


-04 


4 


88E- 


■04 


4 


.06E- 


■04 


25 Mg 


9 


62E-07 


5 


.62E- 


■06 


1 


■ 59E- 


•05 


6 


■ 08E- 


■05 


26 Mg 


9 


19E-07 


5 


.04E- 


■06 


1 


■ 57E- 


■05 


5 


■ 68E- 


■05 


27 A1 


1 


27E-05 


2 


.49E- 


-05 


2 


■ 95E- 


-05 


6 


.53E- 


■05 


28 Si 


8 


11E-04 


7 


.09E- 


■04 


6 


17E- 


■04 


4 


.55E- 


-04 


29 Si 


3 


03E-06 


5 


.90E- 


■06 


7 


62E- 


-06 


1 


.88E- 


■05 


30 Si 


3 


40E-06 


7 


.40E- 


■06 


9 


24E- 


•06 


2 


.12E- 


■05 


31 p 


1 


.28E-06 


2 


.34E- 


■06 


2 


14E- 


■06 


5 


.54E- 


■06 


32g 


3 


12E-04 


2 


■ 86E- 


■04 


2 


■ 50E- 


04 


1 


■ 96E- 


■04 


33g 


8 


06E-07 


1 


■ 03E- 


■06 


1 


17E- 


■06 


1 


.62E- 


■06 


34g 


1 


70E-06 


3 


.20E- 


■06 


6 


.09E- 


•06 


1 


.31E- 


■05 


36g 


3 


84E-11 


1 


.98E- 


■09 


1 


.48E- 


■08 


8 


.19E- 


■08 


35 C1 


2 


18E-07 


3 


34E- 


■07 


3 


.49E- 


•07 


7 


.91E- 


■07 


37 C1 


8 


78E-08 


8 


89E- 


■08 


1 


■ 50E- 


■07 


4 


■ 89E- 


■07 


36 Ar 


4 


54E-05 


4 


.21E- 


■05 


3 


80E- 


•05 


3 


■ 03E- 


■05 


38 Ar 


8 


47E-07 


1 


.11E- 


■06 


2 


29E- 


■06 


4 


51E- 


■06 


40 Ar 


2 


42E-13 


4 


64E- 


■10 


3 


34E- 


•09 


1 


.02E- 


■08 


39 K 


1 


.16E-07 


1 


41E- 


■07 


2 


.08E- 


■07 


3 


41E- 


■07 


40 R 


1 


.39E-11 


6 


.81E- 


■ 11 


1 


29E- 


10 


7 


.86E- 


■10 


41 K 


2 


.25E-08 


1 


.92E- 


■08 


2 


.25E- 


■08 


4 


91E- 


■08 


40 Ca 


3 


58E-05 


3 


34E- 


■05 


3 


02E- 


•05 


2 


39E- 


■05 


42 Ca 


1 


95E-08 


2 


■ 95E- 


■08 


5 


.48E- 


■08 


1 


12E- 


■07 


43 Ca 


2 


58E-10 


1 


30E- 


■09 


3 


25E- 


•09 


9 


.89E- 


■09 


44 Ca 


1 


50E-07 


1 


.74E- 


■07 


1 


61E- 


•07 


2 


■ 65E- 


■07 


46 Ca 


5 


69E-14 


2 


.06E- 


■10 


8 


71E- 


10 


3 


.60E- 


■09 


48 Ca 


8 


04E-15 


6 


.91E- 


■ 10 


2 


93E- 


•09 


1 


.07E- 


■08 


45 Sc 


6 


48E-10 


1 


.26E- 


■09 


2 


■ 55E- 


■09 


7 


■ 59E- 


■09 


46 Ti 


2 


02E-08 


2 


61E- 


■08 


3 


03E- 


•08 


5 


.11E- 


■08 


47 Ti 


2 


71E-08 


2 


.70E- 


■08 


1 


.84E- 


■08 


2 


80E- 


■08 


48 Ti 


4 


58E-07 


4 


.98E- 


■07 


4 


.97E- 


•07 


5 


-70E- 


■07 


49 Ti 


1 


56E-08 


1 


■ 77E- 


■08 


2 


.09E- 


■08 


3 


■ 07E- 


■08 


50 Xi 


1 


52E-14 


2 


.04E- 


■09 


7 


64E- 


•09 


3 


.16E- 


■08 


50y 


2 


88E-13 


5 


.92E- 


■ 11 


9 


.07E- 


11 


3 


.42E- 


■10 


51y 


6 


03E-08 


5 


.76E- 


■08 


5 


.09E- 


•08 


6 


13E- 


■08 


50 Cr 


1 


14E-07 


1 


.12E- 


■07 


1 


33E- 


■07 


1 


72E- 


■07 


62 Cr 


5 


45E-06 


5 


.51E- 


■06 


5 


76E- 


•06 


5 


.06E- 


■06 


53 Cr 


3 


■ 17E-07 


3 


.30E- 


■07 


3 


68E- 


■07 


3 


.81E- 


■07 


64 Cr 


2 


73E-11 


5 


■ 57E- 


■09 


1 


84E- 


-08 


7 


.09E- 


■08 


SS Mn 


8 


.72E-07 


9 


.72E- 


■07 


1 


.16E- 


■06 


1 


.54E- 


■06 


54 Fe 


7 


32E-06 


8 


34E- 


■06 


9 


03E- 


•06 


1 


.13E- 


■05 


56 Fe 


3 


17E-04 


3 


.38E- 


■04 


3 


22E- 


04 


3 


.48E- 


■04 


67 Fo 


4 


66E-06 


6 


03E- 


■06 


6 


.79E- 


■06 


9 


57E- 


■06 


58 Fe 


6 


15E-12 


1 


.81E- 


■07 


5 


.26E- 


•07 


2 


15E- 


■06 


69 Co 


6 


82E-07 


6 


.72E- 


■07 


7 


47E- 


■07 


1 


20E- 


■06 


58 Ni 


1 


96E-06 


3 


12E- 


■06 


1 


22E- 


-05 


8 


.12E- 


■06 


60 Ni 


8 


03E-06 


8 


48E- 


■06 


7 


61E- 


■06 


9 


.46E- 


■06 


61 Ni 


1 


26E-07 


2 


.17E- 


■07 


4 


.20E- 


•07 


8 


15E- 


■07 


62 Ni 


7 


54E-08 


4 


■ 66E- 


■07 


1 


.81E- 


■06 


2 


12E- 


■06 


64 Ni 


1 


01E-14 


8 


■ 66E- 


■08 


2 


89E- 


•07 


1 


36E- 


■06 


63 Cu 


2 


08E-08 


4 


.44E- 


■08 


1 


.10E- 


■07 


5 


■ 07E- 


■07 


65 Cu 


1 


36E-09 


3 


.25E- 


■08 


1 


05E- 


■07 


3 


.84E- 


■07 


64 Zn 


6 


.32E-07 


5 


74E- 


■07 


5 


.07E- 


■07 


4 


.43E- 


■07 


68 Zn 


5 


80E-09 


6 


.24E- 


■08 


2 


.03E- 


■07 


6 


■ 65E- 


■07 


67 Zn 


1 


.45E-10 


6 


.43E- 


■09 


2 


.75E- 


■08 


1 


.43E- 


■07 


68 Zn 


2 


67E-10 


4 


31E- 


■08 


1 


67E- 


•07 


8 


■ 69E- 


■07 


70 Zn 


5 


14E-15 


3 


62E- 


■10 


1 


■ 85E- 


■09 


2 


63E- 


■08 


69 Ga 


4 


93E-11 


5 


.26E- 


■09 


2 


45E- 


■08 


9 


.57E- 


■08 


71 Ga 


4 


.22E-14 


4 


.81E- 


■09 


1 


.87E- 


■08 


7 


.68E- 


■08 


70 Ge 


3 


67E-11 


9 


13E- 


■09 


3 


.62E- 


■08 


1 


.45E- 


■07 


72 Ge 
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